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Pipes are widely used to transport gas, oil and water in industries. Drag reduction in pipes is an increasingly con- 
cerned problem to save energy. Some researches have indicated that the non-smooth surface with special struc- 
tures can reduce flow loss. In this paper, an experimental investigation has been performed on the effects of a 
kind of surface groove on the drag in both rectangular and circular duct at different Reynolds numbers. In the ex- 
periment of the rectangular duct, total pressure at both inlet and outlet were measured. Static pressure on the wall 
was measured on the surface with smooth and grooved film respectively. In the circular duct, a boundary layer 
pressure probe was used to measure the total pressure distribution at both inlet and outlet. Four taps at inlet and 
outlet were used to measure static pressure. The loss coefficient is used to evaluate the effects of the surface 
groove on drag reduction. The experiment was conducted with the Reynolds number range from 1.28x10* to 
2.57x10*. The result shows a maximum drag loss reduction of approximately 2.4% in rectangular duct at Rey- 


nolds number of 2.4x10*. A 10% reduction of pipe pressure loss by grooved surface is measured in circular duct 


at a Reynolds number of 3.0*10°. 
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Introduction 


Drag reduction in pipeline transportation has become 
an advanced research hot spot throughout the industry. 
Surface groove is a kind of method to reduce flow loss. 
Therefore, studying and developing a kind of surface 
groove for loss reduction and energy saving is concerned 
by researchers in recent years. 

Grooved surfaces were originally developed at NASA 
Langley Research Center in the late 1970’s. It was aimed 
to reduce the aerodynamic turbulent skin friction. Based 
on the study of NASA Langley(Walsh!'"!), many stream- 
wise microgrooved surface were tested to verify the ef- 


Nomenclature 
d Diameter of circular duct (mm) 
D Characteristic scale of model (mm) 


H Height of rectangular duct (mm) 


fect of drag reduction. The results showed a 7-8% drag 
reduction caused by sharply peaked, symmetric V-groove 
riblets. However, the practical application of V-groove is 
terminated because it is easily worn off. 

Gong Wu-Qi!®! investigated the mechanism of drag 
reduction by using riblets and found that the grooved 
structure could change the features of boundary layer. 
The averaged turbulent dynamic energy decreases by 
drag reduction of riblets. 

In addition to the study in external flows, investigation 
to the effects of grooved surfaces on internal flows is 
fewer. Bushnell!” has mentioned that the effects of riblets 
on internal flows may be different from that on external 


Pot Outlet total pressure (Pa) 
Pir Inlet total pressure (Pa) 
Re Reynolds number 


h Riblet height (mm) 

h* Non-dimensional riblet height (mm) 

st Non-dimensional riblet width (mm) 

Pis Static pressure probe of rectangular duct 
Pis Outlet static pressure (Pa) 


flows due to the mass flow constraint. J.J. Rohr'*! has 
discovered that the drag reducing performance of riblets 
is found to be similar in a wide variety of internal and 
external flows. More researches about effects of grooved 
structures on internal flows are needed to be carried out. 

A.R. Moore and M.V. Lowson"”! have studied the drag 
reduction in a rectangular duct using riblets. It has been 
found that a maximum drag reduction of 10% occurs in 
fully developed turbulent flow. This figure is larger than 
the 6-8% drag reduction in external flow. It was also 
found that riblets delayed transition by 2-4% and caused 
some extension in the length of the transition process. 

Ma Hongwei'''has carried out an experimental study 
of the turbulent boundary layers on both groove and 
smooth surfaces. The measurement results indicate that 
the grooves can effectively reduce accumulation of low- 
speed fluids and directly affect the flow structures in the 
sublayer of the boundary layer and then modulate the 
flow field up to the buffer region and the logarithmic 
region by restraining development and interaction of the 
vortices. However, the drag reduction of this groove 
structure applied to pipe flow is still short of validation. 

In this paper, based on the previous results, research is 
focused on the effects of surface groove on the drag re- 
duction of rectangular duct and circular duct. In the ex- 
periment, a pipe test rig was set up, which was equipped 
with high-accuracy and high spatial-resolution flow 
measuring system, including boundary-layer pressure 
probe, traverse mechanism, pressure transducers, da- 
ta-acquisition hardware and software. In the rectangular 
duct, total pressure was measured at both inlet and outlet. 
Static pressure on the wall was measured on the surface 
with smooth and grooved film respectively. Loss coeffi- 
cient and loss reduction efficiency were employed to 
analyze the results of the experiment. 

In the experiment of circular duct, pipe models with 
smooth and groove surfaces were designed and manu- 
factured respectively. Total pressure was measured at 
both inlet and outlet. One boundary layer pressure probe 
was used to measure the total pressure distribution. This 
probe scanned the outlet attached to a traverse mechan- 
ism. Four taps at inlet and outlet were used to measure 
static pressure. 
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U Outlet flow velocity (m/s) 

pP Air density 

ü Dynamic viscosity coefficient 

Aena Loss coefficient of smooth surface 
Aero Loss coefficient of grooved surface 


Experimental Facility and Test Technique 


Rectangular duct 


The air flow with a speed range from 7 to 12m/s was 
provided by an axial flow fan with a power of 65W, a 
rotating speed of 2870 r/min and a mass flow of 0.08- 
0.13 kg/s. The range of Reynolds number in experiment 
is from 1.28x10* to 2.57x10*. A schematic diagram of the 
test rig is shown in Fig. 1. 

The air flow entered the inlet duct then flowed through 
the contraction section. The shrink angle of the contrac- 
tion section was 4.6°. The flow was fully developed at 
cross section Al after straightening gratings. The work- 
ing section was attached to the straightening section. The 
size of working section were 30mm x200mm with a 
length of 1300mm. The environment temperature was 
27. 
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Fig.2 Total pressure probes at outlet 


On the surface of the working section, there were eight 
static pressure holes (with a diameter of 0.5mm) at 
100mm intervals between every two holes which were 
used for the installation of eight static pressure probes. 
On cross section A2, five total pressure probes were con- 
figured at five different positions, shown in Fig. 2. 

The measuring range of pressure sensor was from- 
1000Pa to +1000Pa with an error of 0.01%. An AT-MIO- 
64F-5 card from American NI Company was employed 


for data acquisition. The frequency of data acquisition 
was 20K Hz. The experimental process was controlled by 
Labview. 


Circular duct 


The circular duct, shown in Fig.3, was attached to the 
contraction section of a windtunnel, which was driven by 
a roots blower. 

The size of the duct model was 600mm long with an 
inner diameter of 115mm. The air flow was provided by 
the windtunnel with three different speeds of 10 m/s, 20 
m/s and 30 m/s. The environment temperature was 27°C. 

Total pressure was measured by one total pressure 
probe at inlet. In Fig. 4, one boundary layer pressure 
probe was used to measure the total pressure distribution 
at outlet. When it was near the inner wall, the station dis- 
tance was 0.2 mm.When it reached the mainstream area, 
the station distance was 1 mm or 2 mm. The accuracy of 
the traverse mechanism was 0.02 mm. At inlet and outlet, 
there were four taps (with a diameter of 0.5 mm) used for 
static pressure measurement respectively. The static and 
total pressure taps were connected to the pressure trans- 
ducers. 


Fig. 4 Boundary layer pressure probe 


Groove structure 


This paper studied the effect of one kind of groove 
structure on flow loss in a pipe. Fig.5 shows the geome- 
try of the groove structure. 


Fig.5 Cross section of the test groove film (mm) 
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The non-dimensional riblet height h*is 2.24, while the 
non-dimensional riblet width s*is 11.2, which are defined 


as 
p A( Bear)” 
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D is the characteristic scale of the test model, which is 
1/2 of the height of rectangular duct while is the diameter 
of circular duct. 

The groove structure was stuck to the internal face of 
the ducts. The loss reduction effect of the grooved sur- 
face was compared with that of the smooth surface. 


Results and Discussions 


Rectangular duct 


Fig. 6 shows a distribution of static pressure along the 
pipeline with smooth internal surface. Static pressure of 
both upper surface and side surface of the inner wall 
were measured. 
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Fig.6 Static pressure distribution of the smooth duct wall 


When both the upper surface and side surface are 
smooth, static pressure drop along the pipeline are almost 
the same. It means that the experimental conditions of 
both sides are the same. The flow field uniformity is ve- 
rified. 

In order to obtain universally applicable results, data 
dimensionless is adopted. Loss coefficient 2 is calculated 
to demonstrate the flow loss along the duct model at cer- 
tain Reynolds numbers. 


= AP; 3 
(pU? /2) 
Ap, = Pi =F (4) 
U* = (Py - Ps) (0.5x p) (5) 


The comparison of loss coefficient distribution with 
smooth surface and grooved surface at different Reynolds 
numbers is shown in Fig.7. 
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Fig. 7 Loss coefficient distribution at different Reynolds 
numbers 


As shown in Fig.7, within the test range from1.28x10* 
to 2.5710", the loss reduction of smooth surface is lower 
when Re is less than 1.4x10*. When Re is between 
1.4x10* and 1.5x10*, the difference between loss reduc- 
tion of smooth and grooved surface is tiny. When Re is 
between 1.5x10* and 1.85x10*, the loss reduction of 
smooth surface is smaller. When Re increases from 
1.85x10* to 2.0x10*, loss reduction of smooth and 
grooved surface are almost the same. As Re is higher 
than 2.0x10*, the effect of loss reduction is conveyed 
more significant. When Re is 2.4x10*, the loss reduction 
efficiency reaches the maximum 2.3%-2.4%. 


Circular duct 
In order to apply the results of this experiment to prac- 
tical world, the data dimensionless is conducted. Loss 


coefficient 2 is calculated to demonstrate the flow loss 
along the duct model. 


E: Ap; 6 
(pU? /2) a 
Ap; = Py Pa (7) 
U? = (P, -P )/(0.5x p) (8) 
Re=pUD/u (9) 


Loss coefficients with smooth and grooved surface at 
three different Reynolds numbers of 7.74x10f, 1.5x10° 
and 3.0x10° are calculated. 

Loss coefficient distribution of the duct outlet at three 
Reynolds numbers with the smooth internal surface and 
the grooved internal surface are demonstrated in Fig.8 
and Fig.9. Fig.10-12 show the different effect of smooth 
and grooved surface at three different Reynolds numbers 
respectively. 

The whole loss coefficient is obtained by using area 
average. Fig. 13 shows the area averaged results. Under 
three different conditions, loss on grooved surface is 
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Fig. 8 Loss coefficient distribution of the duct outlet with the 
smooth surface 
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Fig. 9 Loss coefficient distribution of the duct outlet with the 
grooved surface 
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Fig. 10 Loss coefficient distribution of the duct outlet when 
Re is 7.74x10* 
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Fig. 11 Loss coefficient distribution of the duct outlet when 
Re is 1.5x10° 


smaller than on smooth surface. When Reynolds number 
of flow is 3.0x10°, the difference between smooth and 
grooved surface is the most obvious among three differ- 
ent Reynolds numbers. 
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Fig. 12 Loss coefficient distribution of the duct outlet when 
Re is 3.0x105 
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Fig. 13 Loss coefficient at three different Reynolds numbers 


Loss reduction efficiency 7 was employed to evaluate 
the effect of drag reduction of the grooved surface com- 
pared with the smooth surface. 


= (Asmo z Agro Vii (10) 
In Fig.14, compared with the smooth surface, the 
grooved surface can reduce the loss by 5.7%, 5.2% and 


10% when Reynolds numbers are 7.7410*, 1.5x10° and 
3.0x10°, 
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Fig. 14 Loss coefficient efficiency at three different Reynolds 
numbers 


Conclusions 


In this paper, the flow losses in rectangular and circu- 
lar duct models with smooth and grooved surfaces are 
experimentally investigated. The effect of certain grooved 


structure on drag reduction is proved. 

In the experiment of rectangular duct, total pressure at 
both inlet and outlet was measured while static pressure 
with smooth and grooved film was measured along the 
pipeline. In the experiment of the circular duct, one 
boundary layer pressure probe was used to measure the 
total pressure distribution. Static pressure was measured 
at inlet and outlet. 

The test result indicated that this kind of grooved sur- 
face can reduce the pipe pressure loss. In rectangular duct, 
when Re is larger than 2.0x10*, the effect of loss reduc- 
tion becomes more significant. When Re is 2.4x10*, the 
loss reduction efficiency can reach 2.3% to 2.4%. In cir- 
cular duct, the loss coefficient of grooved surface is 
smaller than the loss coefficient of smooth surface at 
three tested Reynolds numbers of 7.74%10*, 1.5x10° and 
3.0x10°. The loss reduction efficiency is 5.7%, 5.2% and 
10% respectively. The maximum loss reduction efficien- 
cy can reach 10% at the Reynolds number of 3.010”. 
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